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Abstract – The failure of spatial inversion symmetry in noncentrosymmetric materials introduces
two different types of spin-independent and spin-dependent electron hopping. The spin-dependent
term can be translated into a quasi-spin-orbit coupling and may affect the electronic structure. In
the locally noncentrosymmetric crystals, the presence of a sublattice degree of freedom generates a
distinction between the inter- and intra-sublattice hopping integrals. The spin-dependent part of
the former (latter), which is even (odd) under parity, is called symmetric (antisymmetric) quasi-
spin-orbit coupling. Here, we show the consequences of such quasi-spin-orbit couplings on the
electronic band structure, and study their characteristic features via the quasiparticle interference
method. We extend our discussions to a realistic class of materials, known as transition metal
oxides.
Introduction. – The discovery of superconductivity
in heavy fermion CePt3Si has begun a new era in the
topic of superconductivity in systems without spatial
inversion symmetry [1–3]. The lack of inversion center
affects the electronic attributions through a symmetry-
specified antisymmetric spin-orbit coupling [4], which is
the microscopic key ingredient to understand the physics
of noncentrosymmetric (NCS) systems. This entangles
the orbital and spin of the electrons and generates some
features in the superconducting order parameter, as a
mixture of even and odd parity Cooper pairings [5].
Consequently, many interesting properties and promis-
ing industrial applications emerge, such as nontrivial
topological properties, Majorana fermions, and quantum
computation facilities [6–8].
Recently, a great deal of attention has been paid
to a group of materials that, while having a spatial
inversion symmetry in global, locally lack this type of
symmetry [9–14]. This property may be due to stacking
faults in the crystal structure, where the global inversion
symmetry, as a result of the random distribution of
structural faults, is preserved [15]. Moreover, lack of
some crystal properties such as rotational or translational
symmetries may results in locally broken of inversion
symmetry [16]. In most cases, the sublattice degree
of freedom associated with an antiferromagnetic order
causes the doubling of ordinary unit cell [4], and leads
to leave the structure invariant under D4h subgroups.
An objective example is a layered structure with tetrag-
onal symmetry, found in some transition metal oxides
(TMOs), like provskite irridates in Ruddlesden-Popper
phases (Srn+1IrnO3n+1) [17, 18]. The sub-units of them
are rotated octahedra, consisting of six oxygen ions
encountering an Ir atom. The staggered rotations of each
sub-unit along the [001] direction is resulted from swivel
of adjacent octahedra in the xy plane in the opposite
direction. Consequently, the in-plane Ir-O-Ir bonds
deviate from 180◦, leading to breaking of spatial inversion
symmetry on each individual bond center [19, 20], and
yields the hopping to become spin-dependent. In this
scenario, the nearest neighbors spin-dependent hopping
does not violate parity, therefore the even-odd parity
mixing of the superconducting gap function for the
inter-sublattice Cooper pairings is not expected [4, 15].
However, spin-dependent hopping between the next
nearest neighbors (same sublattices) violates parity, and
the staggered spin-orbit interaction has a profound effect
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on the texture of superconducting triplet d-vector [13].
To such a degree, still one of the main question is
the nodal structure of the order parameter and the
precise determination of the momentum dependence of
superconducting gap function. This can be investigated
by various experimental methods such as specific heat
and thermal transport measurements [21], angle-resolved
photoemission spectroscopy (ARPES) [22], and spec-
troscopic imaging STM-based quasiparticle interference
(QPI) technique [23–27]. The latter is based on the
survey of the modulations in electronic local density of
states (LDOS) due to the random impurities, which in
the nodal superconductors is carrying fruitful information
about the symmetry of gap function [28–38]. Particularly,
in the NCS superconductors, the position of nodes are
accidental and can not be determined by symmetrical
considerations [39–41].
In this paper we aim to point out that a similar state-
ment on the nodal structure can be hold for the case of
superconducting materials with locally broken inversion
symmetry, by considering a tetragonal crystal with a
non-collinear antiferromagnetic order. We employ a min-
imal tight-binding model relevant for a two-dimensional
NCS structure, which is applicable into a wide variety
of materials, such as strongly correlated TMOs and
odd-parity magnetic multipole materials. We study the
effect of the first and second neighbor spin-dependent
hopping on the electronic band structure of a locally NCS
system. Moreover, we take into account both inter and
intra-sublattice pairings and try to catch their individual
and combined signatures in the electron conductance
modulations due to magnetic or nonmagnetic impurities,
probed by STM. We conclude that applying the QPI
approach to the system with locally broken inversion
symmetry would be very informative.
Description of the Model. – We consider a non-
symmorphic locally NCS system with sublattice degree
of freedom. The lattice consists of a two-dimensional
XO2 (X=TM) layer, with the crystal structure illustrated
schematically in Fig. 1. This structure belongs to the glob-
ally centrosymmetric and nonsymmorphic I41/acd space
group, which is different with I4/mmm fully symmetric
space group, because of in-plane rotation of octahedra [42].
We restrict ourselves to the single band Hubbard model,
applicable to the canted Mott/spin-orbit-Mott insulating
systems [18–20,43–46]. In this picture, the non-interacting
Fig. 1: (Color online) The unit cell of the layered TMO
provskite (dashed lines). A (red) and B (blue) circles denote
TM atoms with different magnetic moments and non-collinear
antiferromagnetic order along with a partial ferromagnetic mo-
ment. The dark-blue circles are oxygen atoms. The deviation
of TM-O-TM bonds from 180◦ breaks the local inversion sym-
metry.
Hamiltonian of the model in real space is obtained by
H0 =− µ−
∑
〈ij〉
1
,σ
[
t1[a
†
iσbjσ + b
†
iσajσ]
+
∑
σ′
it′1σ
z
σσ′ [a
†
iσbjσ′ − b†iσajσ′ ]
]
−
∑
〈ij〉2 ,σ
[
t2[a
†
iσajσ + b
†
iσbjσ]
+
∑
σ′
it′2(σ× rˆij)zσσ′ [a†iσajσ′ − b†iσbjσ′ ]
]
,
(1)
where a†iσ (b
†
iσ) creates an electron at ith site of sub-
lattice A (B) with spin σ. Also, t1 (t
′
1) and t2 (t
′
2) are
representatives of the spin-independent (dependent) inter
and intra-sublattice hopping integrals, respectively. The
spin-dependent terms are arising from locally broken
of inversion symmetry [20], and their magnitudes are
controlled by the angle of X-O-X bonds [44].
The Hamiltonian in momentum space can be described
by creation field operator Φ†k = (a
†
k↑, a
†
k↓, b
†
k↑, b
†
k↓), and is
given by
H0 =
∑
k
Φ†khˆkΦk, (2)
in which the corresponding representation matrix hˆk is
explained by
hˆk=

2k − µ gx2k − igy2k 1k − ig1k 0
gx2k + ig
y
2k 2k − µ 0 1k + ig1k
1k + ig1k 0 2k − µ −gx2k + igy2k
0 1k − ig1k −gx2k − igy2k 2k − µ

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Fig. 2: (Color online) (a) The band structure along ΓXMΓ
path for t′1 = 0.25t1, and t2 = t
′
2 = 0. Inset shows the structure
of Fermi surface with a two-fold spin degeneracy. (b) The band
resolved density of states, which obviously illustrates the spin
degeneracy. (c) The band structure of the system along ΓXMΓ
path for t′1 = 0.25t1, t2 = 0.4t1, and t
′
2 = 0.2t1. Fermi surface
has a tiny spin-orbit splitting as a result of mixing the SQ-
SOC and AQ-SOC, as is represented in the inset. (d) The
band resolved density of states, which is obviously illustrating
the band splitting.
Here
1k = −4t1 cos(kx/
√
2) cos(ky/
√
2),
2k = −4t2[cos(kx
√
2) + cos(ky
√
2)],
(3)
are the energy dispersions originated from the first-
neighbor (inter-sublattice) and second-neighbor (intra-
sublattice) spin-independent hopping, respectively. The
mathematical difference between the energy dispersion in
Eq. (3) is resulted from the 45◦ rotation of inter-sublattice
hopping vectors with respect to the intra-sublattice ones.
Furthermore,
g1k = 4t
′
1 cos(kx/
√
2) cos(ky/
√
2) zˆ (4)
corresponds to the first-neighbor (inter-sublattice) spin-
dependent hopping, and generates a symmetric quasi-SOC
(SQ-SOC). One should notice that g1k is an even vec-
tor under parity, and therefore never express a mixed
even-odd parity in inter-sublattice Cooper pairing. On
top of that, taking into account the spin-dependent intra-
sublattice hopping leads to a Rashba-type antisymmetric
quasi-SOC (AQ-SOC), which can be described by an odd
Fig. 3: (Color online) Schematic representation of Cooper pair-
ing for inter (green dashed line) and intra-sublattice (black
dashed line) pairings between two fermions with opposite sign
momenta (k and −k) [15]. Different magnetization on sublat-
tices makes opposite spin textures on Fermi surfaces. Note:
the center of Fermi surface of B-sublattice is shifted for better
representation.
g-vector, such as
g2k= 2t
′
2
[
sin(ky
√
2)xˆ− sin(kx
√
2)yˆ
]
. (5)
In contrast with SQ-SOC, the AQ-SOC violates parity
on each sublattice, hence a parity mixing takes place for
intra-sublattice Cooper pairs [47].
Diagonalizing the Hamiltonian gives four effective
bands, whose energy dispersion is given by
εk,±± = −µ+ 2k ±
√
21k +
(
|g1k| ± |g2k|
)2
. (6)
In this configuration, the band filling is defined as the
number of electrons per unit cell and expressed by
〈n〉 = 〈n0〉 + 2δ, where δ corresponds the level of doping
and 〈n0〉 = 2 represents a half-filling. The band structure
for the electron-doped case with δ = 0.2, is depicted
in Fig. 2 along the ΓXMΓ path. Excluding the intra-
sublattice hopping results in two two-fold degenerate
bands without spin splitting, as it is shown in Fig. 2(a).
The inset represents the structure of Fermi surface.
Fig. 2(b) illustrates density of states (DOS) that clearly
exhibits a particle-hole symmetry between the energy
dispersion of sublattices. From Eq. (6), it is obviously
seen that the splitting occurs when both SQ-SOC and
AQ-SOC are present simultaneously. Including both
quasi-SOCs, Fig. 2(c) represents the band structure
and Fermi surface (inset) for high symmetric path with
generating a tiny spin splitting. Fig. 2(d) depicts the
band resolved electronic DOS, which obviously reveals
this spin splitting.
To discuss the superconducting state, we employ Hamil-
tonian within the Nambu basis Ψ†k = (Φ
†
k,Φ−k), expressed
as
HBdG =
∑
k
Ψ†kHˇSC(k)Ψk, (7)
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with
HˇSC(k) =
[
hˆk ∆ˆk
∆ˆ†k −hˆ∗−k
]
, (8)
where, the superconducting gap matrix in sublattice-spin
basis is given by
∆ˆk = ∆˜
intra
k ζ0 + ∆˜
inter
k ζx, (9)
and ζi(i = 0, x) denote the Pauli matrices in the sublat-
tice space. In addition, ∆˜intrak and ∆˜
inter
k are defining the
intra and inter-sublattice superconducting gap functions,
respectively. It is worthwhile to mention that both gap
functions have the well-known form of superconducting
order parameter in spin basis as following
∆˜interk = i[d
inter
k · σ]σy,
∆˜intrak = i[ψ
intra
k σ0 + d
intra
k · σ]σy.
(10)
In the above equations, ψk and dk are the singlet and
triplet pairing functions, respectively. They correspond
to B1g and B2g irreducible representations of D4h, con-
sidering the strength of electron correlation and quasi-
SOCs [15]. The B2g state is reminiscent of the famous
dx2−y2-wave spin-singlet superconducting state that is
well-studied in the single-sublattice Hubbard model. How-
ever, B1g case corresponds to the spin-singlet dxy-wave
state. Fig. 3 schematically shows that the superconduct-
ing order parameter is strongly sublattice dependent. For
intra-sublattice pairing, since the spin texture of both sites
i and j are the same, then spin orientations of two elec-
trons with momenta k and −k are opposite. Therefore,
both spin singlet and triplet Cooper pairs with Sz = 0 can
be realized, and because of violation of parity for the same
sublattices, the superconducting gap have mixed even-odd
parity. On the other hand, in the case of inter-sublattice
pairing, the spins of electrons on sites i and j with op-
posite momenta align in the same direction. Thus, only
spin-triplet odd-parity Cooper pairs with Sz = 1 are al-
lowed to emerge. It is shown that inter-sublattice pairing
corresponds to l = 1 with pure triplet superconductivity.
However, for intra-sublattice pairing the relevant form of
gap function can be either dxy + p or dx2−y2 + p, corre-
sponding to B1g and B2g irreducible representations, re-
spectively [15].
In Fig. 4(a), we represent the spectral functions of the
superconducting state for the inter-sublattice hopping
(t2 = t
′
2 = 0) with pure triplet pairing, at energy
ω = 0.1t1. Fig. 4(b and c) portray the superconducting
spectral function considering the contributions of both
inter- and intra-sublattice hopping (SQ-SOC and AQ-
SOC) within B1g and B2g irreducible representations,
respectively. These results are consistent with the
formation of Fermi arcs at low temperature and small
amount of electron doping reported for Sr2IrO4 [48], and
describe a nodal structure in the spectral function, which
is consistent with gapless superconductivity. The textures
of superconducting spectral functions within B1g and B2g
kx
k
y
(a)
SQ−SOC
kx
(b)
B1g
kx
(c)
B2g
Fig. 4: (Color online) The spectral function of the supercon-
ducting state at ω = 0.1t1, for a locally noncentrosymmetric
system (a) for pure triplet pairing excluding intra-sublattice
hopping, and (b and c) in the presence of both inter- and intra-
sublattice hopping in B1g and B1g irreducible representations,
respectivlely. The plot ranges are (−pi/√2, pi/√2).
irreducible representations are completely dominated by
the structure of intra-sublattice pairing, which is expected
to be reflected in QPI patterns.
To specifically study the QPI image, we consider the
total scattering Hamiltonian from a impurity as
Himp =
∑
kqα
Vα(q)SαΨ
†
k%ˇαΨk, (11)
where {%ˇα} = (%ˇ0, %ˇ) = (τz ρˆ0, τ0ρˆx, τz ρˆy, τ0ρˆz) are 8 × 8
matrices, and ρˆα = ζ0σα. Besides, the 2 × 2 matrices
τi(i = 0, x, y, z) are indicating the Pauli matrices in the
particle-hole spaces. Moreover, the parameter {Sα} =
(1,S) stands for nonmagnetic (α = 0) impurity, and mag-
netic (α = x, y, z) impurity of spin S. The scattering cen-
ters lead to the modulation of LDOS in both charge and
spin channels. The elements of QPI intensity are given
by [40,41]
Λαβ(q, ω) = −
1
pi
Im
[
Υαβ(q, iωn)
]
iωn→ω+i0+
, (12)
in which iωn = 2inpiT is bosonic Matsubara frequency at
temperature T , and
Υαβ(q, iωn) =
1
N
∑
k
Tr
[
%ˇαGˆ(k, iω)%ˇβGˆ(k
′, iωn)
]
.
Here we set k′ = k+q, and N is the number of grid points.
The Green’s function Gˆ(q, iω) is obtained by
Gˆ(k, iωn) =
[
iωnIˇ− HˇSC(k)
]−1
, (13)
where Iˇ denotes an 8 × 8 identity matrix. The Green’s
function in Nambu space can be defined by
Gˆ(k, iωn) =
[
Gˆ(k, iωn) Fˆ(k, iωn)
Fˆ†(k, iωn) Gˆᵀ(−k,−iωn)
]
,
that Gˆ(k, iωn) and Fˆ(k, iωn) are the normal and anoma-
lous Matsubara Green’s functions in sublattice-spin basis,
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Fig. 5: (Color online) The QPI pattern of a locally noncen-
trosymmetric system in charge (Λ00) and spin (Λii) channels:
(a-c) for pure inter-sublattice triplet pairing, (d-f) including
inter- and intra-sublattice pairings within B1g irreducible rep-
resentation, and (g-i) superposition of both inter and intra-
sublattice pairings in B2g irreducible representation. The en-
ergy set at ω = 0.1t1, and plot ranges are (−pi/
√
2, pi/
√
2) in
(qx, qy)-plane. Note: The component Λyy can be obtained by
performing a 90◦ rotation on Λyy, as a result of broken spin
rotational symmetry in xy-plane.
respectively. Consequently, using Eq. (12), the final form
of the QPI elements in both charge (Λ00) and spin (Λii)
channels are obtained from
Υαβ(q, iωn) =
1
N
∑
k,uv
∑
{si}
ρˆ
s1s3
α ρˆ
s2s4
β ×[
Gˆuvs3s2(k,iωn)Gˆ
vu
s4s1
(k′, iωn)+ηFˆuvs3s2(k, iωn)Fˆ
vu†
s4s1
(k′, iωn)
]
,
where u, v are running over the sublattice degree of free-
dom (A and B), and η = 1 (−1) corresponds to α = x, z
(0, y). Although the off-diagonal QPI patterns can be
produced as a result of AQ-SOC, here, for simplicity, we
only investigate the diagonal elements, Λαα, and ignore
the spin-polarized patterns generated by nonmagnetic
impurity. Fig. 5 shows the numerical results of the
diagonal elements of QPI matrix for both nonmagnetic
and magnetic impurities. As can be seen in Fig. 5(a-c),
in the absence of AQ-SOC, a locally noncentrosymmetric
system with pure triplet Cooper pairings preserving
in-plane spin rotational symmetry. It is easily seen that
the QPI patterns reflect the topology of normal Fermi
surface, since the superconducting order parameter is
fully gaped. Moreover, all diagonal elements of QPI
patterns maintain the C4v symmetry, because SQ-SOC
has only out-of-plane vector. Figs. 5(d-f) correspond to
the admixture of inter- and intra-sublattice supercon-
ducting pairs in B1g irreducible representation. It can be
clearly observed that the singlet dxy-wave singlet pairing
is dominant over the QPI patterns. Finally, Figs. 5(g-i)
denote the QPI patterns for a system considering both
inter- and intra-sublattice pairings in B2g irreducible
representation, which clearly reflects the nodal structure
of gap function, especially singlet dx2−y2 -wave pairing.
It should be noted that the in-plane components of
spin-polarized QPI patterns Λxx, and Λyy are equivalent
together under a 90◦ rotation around the center of
Brillouin zone. Moreover, the peaks in the QPI patterns
are obviously coming from the scattering events between
the states with the highest DOS in the spectral function.
Conclusion. – We study the effects of inter and intra-
sublattice (first and second neighbors, made up of both
spin-dependent/independent) hopping amplitudes on the
electronic structure of a locally noncentrosymmetric sys-
tem. We have found that neglecting the effect of intra-
sublattice (second neighbor) hopping leads to maintain
the two-fold spin degeneracy, which preserves in-plane
spin rotational symmetry. However, including the intra-
sublattice hopping, lifts the spin degeneracy and breaks
SU(2) symmetry, similar to the case of a globally NCS.
Besides, we study the theory of QPI for a locally NCS su-
perconductor, in the presence of both magnetic and non-
magnetic impurities. We show that considering only a
inter-sublattice hopping, the QPI patterns mainly reflect
the structure of normal Fermi surface. However, includ-
ing the intra-sublattice hopping, the nodal characteristics
of gap function leads to some dominant scattering in the
QPI patterns, and it causes to breaking of SU(2) sym-
metry, reducing the symmetry of QPI in spin channels
(Λxx, and Λyy) into C2v. Finally, superposition of both
inter and intra-sublattice pairing reveals that the scatter-
ing phenomena in the intra-sublattice pairings dominates
over the QPI patterns.
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